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AERONAUTICS.

AN EXPERIMENTALINVESTIGATIONOF TKEUNSTEADYLIFT

INDUCEDONA WINGINTEEDOWNWASHFIELDOF

ANOSCILLATINGCANARDCONTROLSURFACE

By DatidE.Reese,Jr.

suMMARY

Theresultsof an experimentalinvestigationof theunsteadylift
inducedon a winginthedownwashfieldof anoscillatingcanardcontrol
surfacearepresented.Thein-phaseandout-of-phasecomponentsof the
liftandtheirrespectivecentersofpressureweremeasuredat frequencies

,. from10to 1.10cyclespersecondovera Machnumberrangeof 0.6to0.8
and1.4to 1.9atanglesof attackof 0°,5°,and10°.

~ Theresultsindicatedthatexistingtheoriesprovidea reliableguide
fortheestimationof themagnitudeof theliftderivativesandcenters
ofpressureat lowvaluesof reducedfrequencyandlowanglesof attack.
An estimationof theeffectof frequencyon theliftderivativeswas
developedusinga simpleindicialfunctionforthewingbasedon thelag-
in-downwashconcept.Thetrendsof thedatawithfrequencypredictedby
thetheorywere,ingeneral,borneoutby experimentat l-owanglesof
attack.

INTRODUCTION

Withthepresenttrendinairframeconfigurationsforguidedmissiles
towardlow-aspect-ratiowingsandtails,thecontributionof~u-tail
interferenceeffectsto theover-allstabilityof theconfigurationhas
becomeofma~orimportance.Anaccurateappraisalof theseinterference
forcesisnecessarynotonlyforthe”usualstabilitycalculationsbutalso
inthe.designof automaticcontrol,equipment.

1 Inan analysisof theresponseof a missiletovariousguidancecom-
mands,bothstaticanddynsmicforcesandmomentsactingon themissile
mustbe considered.Therequirementof rapidresponseto thesecomands

d hasfocusedincreasedattentionon thedynamicquantitiesinvolvedin the
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calculations.Oneparticular.problem.for..canard-typemissilesthathas
broughtto lighttheneedforinformationondynsmicinterferenceforces
isassociatedwiththelongitudinaldynamicstabilityof thesemissiles.
Inordertoprovidesufficientdsmpingof.thelongitudinalmotionof..the
missile,dampingisoftensuppliedartificiallyby actuatingtheforward
controlsurfacesinproportiontothepitchingvelocityof theairframe.
Sinceitispossiblefora largeportionof thetotalmomentcreatedin
thismannerto arisefromtheinterferencelifton therearsurfaces,it
isnecessarytoknowthesedynsmicinterferenceeffectswithreasonable
accuracyinordertopredicttheresponseofthemissile.A knowledge
of notonlythemagnitudeof theinterferenceliftbutalsoitsdependency
on frequencyisrequired.

Sometheoreticalestimatesof staticwing-tailinterferenceforces
havebeenmadeby Nielson,Kaattari,andAnastasio(ref.1)andSchindel
andDurgin(ref.2). An experimentalinvestigationof theseforcesand
momentsforseveralwing-tailcombinations,ispresentedinreference3
by SchindelandDurgin.Sometheoreticalvaluesforthetime-dependent_

“
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—

—

—
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forcesaregivenby Miles(ref.4)andMartin,Dieterich,andBobbitt
(ref.~) forverylowfrequencies.However,nopublisheddataon the
experimentaldeterminationof-theseunsteadyinterferenceforcesand
momentsareknowntobe available.Thepresentexperimentwas.therefore.
plannedtomeetthisneed.
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liftderivativein
57.3~upward,—
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phasewithcontrol-surfaceposition,positive

perradian . .- .--

liftderivativeoutofphasewithcontrolsurfaceposition(in ._
phasewithcontrolsurfacevelocity),positiveupward
57*3~p

c)

, perradian
1 ~ *OC
pvs~

—

liftinphasewithcontrolposition,lb
—

liftoutofphasewithcontrolposition,lb .-

Machnumber v
‘ speedof sound’

totalareaofwing,sqft

dimensionless

●
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speed,ft/sec

ft

3

frequencyofoscillation

‘z dimensionlessreducedfrequency,—,
2P

reducedfrequencyatwind-tunnelresonance,dimensionless

distancefromcontrolsurfacecentroidtowingcentroid,ft

dynsmicpressure,~V2, lb/sqft
r=

time, sec

centerofpressureof in-phase
leadingedge,dimensionless

lift,positivebehindwing

centerofpressureof out-of-phaselift,positivebehindwing
leadingedge,dimensionless

angleof attackofwingandbody,deg

instantaneouscontrol-surfacedeflection,deg

instantaneouscontrol-surfaceangularvelocity,deg/sec

maximumcontrol-surfacedeflection,deg

maximumcontrol-surfaceangularvelocity,@o, deg~sec

massdensityof air,slugs/cuft

phaseanglebetweenliftandangularpositionof controlsurface,
deg

angularfrequency,2fif,radians/see

THEORY

Thepurposeofthisinvestigationisto determinetheunsteadylift
inducedon a winginthedownwashfieldof anoscillatingcanardcontrol
surface.b thissection,methodswillbe presentedfromwhichresults
canbe obtainedforthetheoreticalvaluesof thislift. Frequency

CONFIDENTIAL
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effectson thephaserelationshipbetween..t.heinducedliftandthecon-
troldeflectionareofprtiaryinterest.Forpurposesof computation,
theinducedliftat frequenciesnearzerowillbe treatedfirst,however,
andthentheeffectsof frequencywillbe studied.AS isusuallydonein
dynaicstabilitycalculations,theamplitudeof theunsteadyliftwill
be dividedintotwocomponents,oneinphasewiththecontrolsurface.
positionandtheotherinphasewithcontrolsurfacevelocity,thelatter -
beingcommonlyknownas theout-of-phaselift.Themodelusedforthe
theoreticalanalysisconsistedof a canardcontrolsurfaceanda wing
alone,thatis,a bodylessmodel.Thedeg?eetowhichthebodyeffects
areconsideredinthisreportwillbe mentionedina latersection.

FrequenciesNearZero

Theamplitudeof thein-phaseliftderivativec~ anditscenter
ofpressureatvaluesof k approachingzerowerecalculatedby themethod
presentedinreference1. Sincethisprocedureiscommonlyusedinthe
calculationof thestaticliftandcenterofpressureofwing-body-tail
combinations,itneednotbe discussedfurtherhere.

Thecalculationsfortheamplitudeandcenterofpressureof the_out-
of-phaseliftderivativec%

werebasedonthelag-in-downwashconcept ‘-
appearinginreference6. .Inthisapproximationtheassumptionismade
thatthedownwashattherearsurfacewillbe thatcreatedby theforward
surfaceat a smalltime l/V earlier,
tancefromthecentroidof areaofthe
areaof thewing. Thus

dec
AEW=-~

where

ACW changeindownwashat thewing

dec changeindownwashatthecontrol

then

where Z istakentobe thedis-
controlsurfacetothecentroidof

+.

~ At (1)

Thelifton thewingdueto thischangeindownwashcanbe written ~
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-@. . q=ew(hJ ~

(3)
Where(C~)w is thelift-curveslopeof thewingaloneinuniformflow.
But dec(CL& isthenegativelifton thewingdueto a smallchangein
downwashde=. Thisnegativeliftdividedby da isthen - c%, so

In coefficientformthisliftis

(5)

whichcorrespondsto theanswerobtainedby Martin,Dieterich,andBobhitt
inreference5.

FrequencyEffects

Theeffectsof frequencyon theliftderivatives-ata Machnumberof
1.7werecalculatedusingtheresponseofthewingto an impulsivedeflec-
tionof thecontrolsurface.Thisindicialresponseof thewingwascal-
culatedby methodspresentedby Tobakinreference7. Theindicial
responsewasthenconvertedto frequencyresponsethroughtheuseof the
Duhamelintegral.

Sincethecalculations-necessaryto definetheindicialliftresponse
forthepresentproblemwerequitelengthy,theywerecarriedoutonlyfor
a Machnumberof 1.7andanangleof attackofOO. However,itwasfound
forthis“casethata goodapproximationto thefrequencyresponseobtained
by themoreexactsolutioncouldbemadeby assumingan
responsebasedon thelag-in-downwashconcept.Thisis
to includetheeffectsof frequency,
of thetheoryonwhichthelow-
frequencyvaluesof theout-of-phase
liftderivativewerebasedas given CL
intheprecedingsection.Inthis t . +:

indiciallift
an extensionthen,

I
“k

approximationit isassumedthatthe I
wingexperiencesno liftuntilthe
downwashimpulsefromthecontrol I
surfacehasreachedthemidchordof CL*
thewing. At thattimetheliftof
thewingimmediatelyassumesits
steady-statevalue.Thisresultsin
an indicialfunctionoftheform
shownin sketch(a),where t* is Sketch(a)

CONFIDENTIAL
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thetimerequiredforthepulsetotravelfromcontrolsurtacemidchord
towingmidchordand CL* isthesteady-statevalueof theliftof the
winginthepresenceofthedownwashfromthe.control.

Thetime t* hasan importantphysicalmeaningas is showninrefer-
ence7. Inthatpaperit is shownthattheindicialliftof thewingdue

Sketch(b)

tothedownwashfromthesuddenl~
deflectedcontrolsurfacehastheform
shownin sketch(b). Itisalsoshown
that,withthefulfillmentof certain
mildconditions,thetimeatwhichthe
indicialcurvecrossesthezerolift
axisisverynearlyequaltothetime
t* definedabove.Itwasalsofound
that,infrequency-responsecalcula-
tionsof thederivativesCL8and
C~, theeffectsof thetwoshaded
peakstended,inlargepart,to
cancel.!l%usgoodcorrespondence
betweentheresultsbasedon thesim-

plifiedindicialresponseandthosebasedonthemoreexactsolutionis
indicated.

Oncetheindicialfunctionhasbeendefined,itispossibletoobtain
thevariationofthelifton thewingwithfrequencythroughtheuseof
theDuhsmelintegral.Inreference7TobakhasusedtheDuhsmelintegral
toderivethefollowingequationsforthein-phaseandout-of-phaselift_.
derivativesintermsof theindicialfunctionsof thewing:

c% f=C~* -~mF=(f3)cosk’ed(3-k! “’Fz(e)sinktede (7)
o

where

, Fl(e)= c%(e) -c~*

F2(0)= c%(e) - C%*

.

—.

,,

—
.

——

—

#

.

,.

,. ‘

.

—

and .—

c~(e)
w

indicialresponseof’thewingtoa ste~.deflection._bof the ._—-.._
controlsurface .—

.
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. C%* steady-statelifton
controlsurface

CONFIDENTIAL 7

thewingdueto a deflection8 of the

@ C~((3)indicialresponseof thewingtoa stepchangeinpitchingvelo-
city q of thecontrolsurface

C*
%

steady-statelifton thewingdueto a pitchingvelocityq of
thecontrolsurface

6’
2vtnondimensionaltimeparemeter=-c

kt reducedfrequency,definedinreference7 as~

Itcanbe shownthat,fortheproblemconsideredinthissection,
C! * andtheintegralscontaining
k

Fz(e) aresmallrelativeto the
remainingtermsintheequations.Makingttisapproximationandnoting
that kt = ~k, we reduceequations(6)and(7)to

Performingtheintegrationsindicatedinequations
indicialfunctiondefinedin sketch(a),we derive
shipS:

(9)

(8)and(9)on the
thefollowingrelation-

(10)

(11)

Theseexpressionsgivethevaluesof thein-phaseandout-of-phaselift
derivativesas functionsof frequency.It isapparentthattheMmiting
valuesof equations(10)and(n) as k approacheszerogivetheresults
obtainedintheprecedingsection.

Thephaseanglebetweentheinducedliftandthecontroldeflection
is

(I-2)
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Substitutingtheexpressionsfrom(10)and
that
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(11)inequation(12),

v = m . 2kradians

A55F01

we find

(13)

Inordertoobtainthevariationof thecentersofpressureof the
in-phaseandout-of-phaseliftswithfrequencyitwasnecessarytoobtain
valuesforthein-phaseandout-of-phasepitchingmomentscorresponding
tothosefoundfortheliftinequations(10)and(11).Forthisproblem
theindicialvariationof thepitchingmomentwiththe wasagainthat .,
shownin sketch(a). Whilethecalculationsarenotshown,it isapparent

—

thattheexpressionsforthepitchingmoments-willbe identicaltoequa.
tions(10)and(11)withthesubstitutionofthe appropriatemoment--deriva-
tfvesfortheliftderivatives.Sincecenterofpressureis’definedas
pitchingmomentdividedby lift,it canbe seenthatboththecentersof

.

pressureofthein-phaseandout-of-phaseliftsareequaltothecenterof
pressureforthesteady-statecaseandthatthereisnovariationof center
ofpressurewithfrequency.Thereforethemethodof reference1 wasused
to calculatethesevalues.

I+J?PARATUS
WindTunnel

Theinvestigationwasconductedinthe

—

-.

?
Ames6-by 6-footsupersonic

windtunnelwhichisoftheclosed-return,variable-densitytne andwhich
hasa Machnumberrangeof 0.6to0.9and1.2to 1.9. A detaileddescrip-
tionoftheflowcharacteristicsofthiswindtunnelcanbe foundin
reference8.

Model

Themodelconsistedof a rectangulm?winganda rectangularcontrol
surfacemountedincanardarrangementon a slendercylindricalbodyof
finenessratio14.Thedimensionsof themodelaregivenin figure1.
Boththewingandthecontrolsurfacewerecomposedof 5-percent-biconVex,
circular-arcairfoilsections.A 5-inch,hollow,circularcylinderfitted
withanogi.valnoseservedasthebody. Themodelwasfabricatedfrom
steelwiththeexceptionof thenoseandwing. Thenosesectionwasmade
of fiberglass-reinforcedplasticwhilethe@_ngwasmadefrommagnesium
toreduceitsmassto a minimum.A three-phaseinduction-motorwasused
torotatethecontrolsurfaceinnearsi~usoidaloscillationsaboutits
midchordbymeansof thedrivelinkageshowninfigure2. Themodelwas
stingmountedintbewindt~el anda strutwasusedto stiffenthebody
againsttheoscillatingloadsproducedby thecontrolsurface.Theloca-
tionanddimensionsof thestrutaregiveninfigure1.

—

—

—-

—
..

.—
.
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TECENIQUEANDINSTRUMENTATION

Therewerefourquantitiesobtainedduringthisinvestigation:the
sa@itudeof theoscillatingliftinducedon thewinginphasewiththe
angularposittonof thecontrolsurface,thesmplitudeof theoscillating
liftinducedon thewinginphasewiththeangularvelocityof thecontrol
surface,andtheirrespectivecentersofpressure.Themeasurementof
unsteadyforcessuchasthoseencounteredinthisinvestigationusually
necessitatesequipmentinthenatureof anoscillographor anoscilloscope
torecordorviewthedynsmicsignals.Theuseof suchequipmentis some-
whatinconvenientcomparedwiththatutilizedin statictestsinthat,in
manycases,thedesiredquantitiesarenotindicateddirectlyandaddi-
tionalstepssuchas filmreadingandharmonicanalysismustbe addedto
thedata-reductionprocessbeforethefinalresultisobtained.Itwould
be desirable,then,tousea techniquethatwouldeliminatetheseaddi-
tionalstepsandmakeitpossibleto readthepeakmagnitudesof the
dynamicquantitiesdirectly.

Thetechniqueandinstrumentationemployedin thisinvestigationper-
mittedtherapid,direct.measurementof
andout-of-phasecomponentsof thelift

R ofmulti@@g a signalproportionalto
sineor cosinesignalinphasewiththe
city,respectively.Thesetwoproducts

●

where

~sin(ut+ q).

~

Psin

Pcos

Equations(14)

thepeakmagnitudesof thein-phase
on thewing. Themethodconsisted
theinducedlifton thewingby a
control-surfacepositionandvelo-
canbewrittenas:

Psin= sinut Llsin(ut+ q) (14)

Pcos= coswt ~sin(wb+ (p) (15)

theoscillatingliftinducedon thewing

phaseanglebetweentheoscillatingliftandtheangular
positionof thecontrolsurface

productof thesinesignalandtheoscillatinglift

productof thecosinesignalandtheoscillatinglift

and(15)canbe rewrittenas:

‘=[Cosq)-PSin‘,~ cos(2wt+ q)]

Pcos = ~ [sinq + sin(2ut+ q)]

(16)

(17)

CONFIDENTIAL
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Butthemagnitudeof thein-phaseliftisdefinedas Llcosq andthat
of theout-of-phaseliftisdefinedas Llsinq. Thus,itisevident
thatifthetime-varyingportionsoftheproductsignalsarefilteredout,
theremainingpartsareproportionaltothecomponentsof theliftiuphase
withtheangularpositionandangularvelocityof thecontrolsurface.

Thetechniquedescribedabovecanbe realizedwitha s~temmadeup
of threeparts:a loadmeasuringdevicecapableofproducinga signalpro-
portionaltotheinducedliftof thewing,a circuitproducingthesine
andcosinesignals,andan indicatingdevicethatwillrespondonlyto
steadysignals.Theforceinducedon theexposedportionof thewingwas
indicatedby straingagesmountedon thewingsupports.Thearranganent
of thesestrain-gagemembersis showninfigure3. Inall,eightstrain-
gagebridgeswereused,twoon eachof thefourwingsupports.Inorder
to compensateforanyspanwisemovementof thecenterofpressure,each
bridgeon theleftsideofthebodycenterlinewasconnectedinparallel
withitscounterpartontherightside.Thustherewerefourbridgepairs,
twolocatedatthewingleadingedgeandtwolocatedat.thetrailingedge.
Thisarrangementofstrain-gagecircuitsp~videdduplicateindicationof
thecomponentsof-theinducedliftactingattheleadingandtrailingedges
of thewing,andthedualcircuitswerethenusedto findthein-phaseand
out-of-phasepartsof theselifts.Thestiof thein-phaseliftsatthe
leadingandtrailingedgesgavethetotalQ-phaseliftwhiletheratio
of theliftat thetrailingedgetotheto_talliftgavethedistance.of
thecenterofpressurefromtheleadingedgeinpercentchord.~ese cal-...
culationswerealsocarriedoutfortheout=of-phaselift.

—.

Theproductoftheforcesignalwitha sineor cosinesignalwas
obtainedby usinga sineor cosinevoltage.aspowerforthestrain-gage
circuits.Theoutputof thegagecircuitwasthenproportionaltoth~. ..
stressinthegagemultipliedby theappliedvoltagesignal.Thesine
andcosinevoltageswereproducedby a circuitwhichutilizeda commercial
inductionresolverwhosearmaturewasdrivenby themotordrivingthecon-
trolsurface.A 20-kcsinusoidalcarrierwavewasusedasan inputsignal
to theresolver.Thiscarrierwavewasmodulatedsinusoidallybythe
resolveratthedrivefrequencyto givetwooutputsi~alswitha 90°phase
difference.Thesesignalswereeachpassedthrougha half-waverectifier..
andfilterto removethecarrierfrequencyandaplifiedtothe~vel.
neededtodrivethestrain-gagecircuit.:_ —. —-—

.

u

—

—

a.

.

=
●

—

.=

Theoutputs.ofthestrain-gagecircuitswereconnectedto light-be~ _ _
galvanometers.Thefrequencyresponseofthesegalvanometerscanbe
describedadequatelyby theresponseof a spring-mass-dampersystem.The
differentialequationofmotionforthesystemis:

ti+ck+kx=Psinut (18) ~

andthesolution.tothisequationis ——
.

CONFIDENTIAL
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where

and

Xst,

W.

c

staticdeflectionof thegalvanometersto a steadysignalof
magnitudeP.

/
knaturalfrequencyof galvanometers,=

dampingratioof galvanometers,~

(19)

Examinationof equation(19)showsthatiftheratioof thesignal
frequency(JIto thenaturalfrequencyrJ)ois sufficientlybrge, the
responseof thegalvsnometertothesignalisessentiallyzero. The
responseis alsodecreasedby a highdsmpingratio.Thegalvanometers
usedduringthisinvestigationhadsufficientlylownaturalfrequencies
andhighdampingthatno responsewasobservedto signalsof 10 cycles
persecondor greater..Asa result,thegalvanometersactedas filters
toremovethetime-varyingportionsof thestrain-gagesignalsandonly
thesteadypartof thesignalwasindicated.

TESTS

Theinvestigationof theunsteadyliftinducedon thewingby an
oscillatingcanardcontrolsurfacewasconductedovera Machnumberrange
of0.6to0.8and1.4to 1.9atanglesof attackof 0°,5°,and10°. The
minimumsupersonicMachnumberwaschosensuchthatthereflectionfrom
thetunnelwallsof theshockwavesfromthecontrolsurfacefell.behind
thewingtrailingedge. A constantReynoldsnumberof 1.67x106basedon
wingchordwasheldfortheentiretest.

Thecontrolsurfacewasdrivenat frequenciesfrom10to 110cycles
persecondcoveringreduced-frequencyrangesof0.06to 0.70at a Machnum-
berof 1.9and0.15to 1.8oat a Machnumberof0.6. Themaximumsmplitude
of thecontrolsurfaceoscillationswasfixedby thedrivelinkageat 5°.

coNKaENTIAL
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CORRECTIONSTODATA

Theonlycorrectionsmadetothedataobtainedinthesubsonicspeed
rangeweretotheMachnumberanddynamicpressureof theflow. Itwas
recognizedthatthephenomenonofwind-tunnelresonanceanditseffect
on theairforcesactingon anoscillating-two-dimensionalwinghasbeen

-..... .

predictedon a theoreticalbasissadthatexperimentalverificationof
thistheoryhasheenmade(ref.9).However,theauthorknowsofnopub-
lishedcorrectionsfortheeffectsof tunnelwallson theoscillatoryair
forcesof a subsonicthree-dimensional’wing.WoolstonandRunyaninref-
erencelo giveanequationfortheresonantfrequencyof a tunnelhaving
a rectangularcrosssectionwhichhasbeenusedto calculatetunnelreso-
nantfrequenciesforthisinvestigation,Thesefrequenciesareshownin
theirappropriateplaceswiththedataandwillbe discussedmore-fully ‘=
ina subsequentsection.

...,

TheMachnumberanddynsmicpressureofthesubsonicflowwerecor-
rectedforblockageeffectsby themethodpresentedinreference1.1..At -
a Machnumberof0.8,thesecorrectionsamountedtoan increaseof about
1.7percentintheMachnumberanddynamicpressureoverthevalueobtained
frommeasurementsmadewithouta modeiinthetunnel.

No correctionsweremadetoeithertheflowconditionsor thelift
dataat supersonicspeeds.

Thepossibilityof errorsduetoair-streamfluctuationsof a periodic
naturewasconsidered.Theseperiodicfluctuationscouldbe causedby
tunnelturbulence,anoscillatingwakeshedfromthenoseofthemode~,at
sngleof attack,orpossiblyby thewakefromthesupportingstrut.In
orderto evaluatethiseffect,a seriesof testsweremadeonthemodel
withthecontrolsurfaceremoved.Thesetestsshowedthattherewereno
periodicfluctuationsintheairstreamofmeasurablemagnitudeforthe
rangeofMachnumbers,frequencies,andanglesof attackcoveredinthis
investigation.

PRECISIONOFDATA

Inthesection“TechniqueandInstrumentation,”thesystem used in
thfsinvestigationwaspresentedinItssiyplestforminorderto showthe
essentialfeaturesof itsoperation.As couldbe expected,actualpractice-
provedthesystemtobe morecomplexthanwasindicatedfromsimplecon- “-
siderations.Thesecomplexities,as itturnedout, determinedtheaccuracy”
of thefinalresults.Inthissection,thevariousfactorsthatcontribu-
tedto a departurefromthe‘elementarysystemmentionedpreviouslywillbe
discussedintermsof theirrelationshiptotheprecisionof thedata.

.

u
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—
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*
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—

.
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Theusualstartingpointfora discussionof theprecisionof the
datais concernedwiththeleastreadingsof thequantitiesinvolvedin
thereductionofthedatato coefficientform. Forthisinvestigation
thesereadingswereas follows:lift,0.05pound;stagnationtemperature,
2°Fahrenheit;stagnationpressure,0.2centimeterofmercury;periodof
oscillation(l/f),0.0001second.Thetotaluncertaintyinthecoeffi-
cientsdueto leastreadingswastakenasthesquarerootof thesumof
thesquaresof theeffectsof theseleastreadings.Thiscalculationled
touncertaintiesofK).003forC%, &l.12forC%, N.005 forcenterof
pressure,andAO.50 forcp.1

Jntheearlierdescriptionof thetechniquetheexpressionsforthe
termsintheproductsignals(eqs.(14)and(15)\werewritteninm ide-
alizedform. In general,however,thestrain-gageoutputcannotbe
expressedas a simplesinefunctionbutwill.alsocontaina steadyterm
andharmonicsof thefundamentalfrequency.Theseha%nics couldarise
fromthedistortioninthecontrol-surfacemotionproducedby thedrive
mechanismor froma nonlinearresponseof thedownwashto thecontrol
deflection.Thedrivingvoltagescouldalsocontainharmonicsintroduced
by theelectroniccircuitryproducingthem. Therefore,thesignalsmust
be writtenas:

z
L = ~ + m ~sin(nut

n=z

w

‘sin=z
& sin(wt

n=z

w

Vcos=I
~ Cos(mt

m=z

where

L totallifton thewing

Vsj.nsinevoltage

(21)

Vco s cosinevoltage
lItshouldbe notedthattheuncertaintydueto leastreadingbecomes

verylargeastheliftforcesapproachzero.Thevalues,givenhereare
foraveragevaluesof in-phaseandout-of-phaselift. .

com~mnu
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steadyliftonthewing

amplitudeof the nth harmonicofthe

phaseanglebetweenthe nth harmonic
of thecontrolsurface

amplitudeof.@e mth harmonicofthe

phaseanglebetweenthe mth harmonic

.

oscillatinglift “~

?ftheliftandtheposition .J—

sinevoltage —-o-

f the
positionofthecontrolsurface —

amplitudeof the mth harmonicof thecosine

phaseangle.betweenthe mth harmonicof the
thevelocityof thecontrolsurface

sinevoltageandthe -—

voltage

cosinevoltage

Theproductsof--theliftandthesineor cosinesignalarethen

Psin=

=

PCos=

=

m

+(3J+n~~sin(nwt+ ~) sin(mwt+ ~)
n=lm=l

+ ‘m)‘22+{c0s[!” -rn)wt+R -em]-
n=lm=l

cos[(n+ m)ut+ ~+ Om]
}

m

Q Cmcos(mwt+ Em)+L%-{sin”;-m):’+!3- ‘m]+
m=l “. n=lm=l

sin[(n+ m)ut+ ~ + cm]
}

-—

and

..—-

e ,-

(22)

—

—
..- .

(23)

—

.

*
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Examinationof equations(22)and(23)showsthattheonlytermsin
theexpressionsthatarenotfunctionsof timearisefromtheproductsof
likeharmonicsintheliftsignalanddrivingvoltage,Thusthesignals
indicatedby thegalvanometersare:

LIB=Ps~ =T Cos(q=- e=)+*cos(g2 - e~)+ . ● .

LICl
Pcos= ~

&c~sin(q=- 61)+ ~ sin(q)=- 62)+ . , .

(24)

(25)

Thedesiredquantitiesare,of course,thein-phaseandout-of-phasecom-
ponentsof thefundamentalamplltudeof thelift,thatis,LICOSqlaud
Lzsingl.

It canbe seenthenthatthehigherharmonicscanproducespurious
signalswhichwouldleadto erroneousresults.

Sincenomeasurementsweremadeof theharmoniccontentof thelift
signal,itwasnotpossibleto determinequantitativelywhaterrorswere
introducedfromthissource.However,harmonicanalysesof theoutputof

● theresolvercircuitsweremadeduringcalibrationanditwasfoundthat
therewas7 percentof thefundamental.smplitudepresentas secondharmonic
and1 percentas thirdharmonicinboththesineandcosinevoltagesfor

r thefrequencyrangeof theinvestigation.Allhigherharmonicswerenegli-
gible.Thusif B= = 1,then B2.=0.07,B3 = 0.01and BA,~, . . . = O.
Hence,ifthesmp~tudeof thesecondharmonicequalsthatof thefunda-
mentalintheliftsignal,theerrorinthemeasurementof thefundamental
amplitudewouldbe 7 percent.Itcanbe seenthereforethatthelowhar-
moniccontentof thesineandcosinevoltagesreducesanyerrordueto
harmoniccontentof theliftforce.

Themisalinementof theresolverwasanotherfactorthatcouldlead
to errorinthefinalresult.Thismisalinementcanbe thoughtof interms
of a phaseanglebetweenthesineandcosinevoltagessmdthepositionand
velocityof thecontrolsurface,respectively.Theresolverwouldbe per-
fectlyalinedifthesephaseangleswerezero.Thegeneralformof the
productswrittenaboveincorporatedthesephaseangles.Inasmuchas it
hasbeenshownthattheeffectsof thesecondharmonics,orhigher,are
small,onlythealinementof thefundamentalamplitudeof theresolver
signalswasconsidered.Calibrationsweremadeduringthecourseof
testingwhichshowedthattheaveragevaluesof 131ande= wereabout
0.5°each. It canbe shownthata resolvermisalinementof 0.5°will
introduceanerrorofnotmorethan0.50 inthecalculationof thephase

● angle cp=.

Therematningfactortobe discussedwithregardto theprecisionof
. thedataistheresponseof themechanicalsystemto oscillatingloads.

COJWIDBNTIAL
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Itwasrecognizedthattheoutputof thestra3n
on thewingwouldbe influencedby theresponse
themechanicalsystemtotheoscillatingloads.

NACARMA55F01

gagesindicatingthelift
ofthevariouspartsof
Inorderto obtaina

quantitativemeasureof thisinfluence,a seriesof calibrationsweremade
on themodelinplaceinthewindtunnelby a~plyinganoscillatingforce
ofknownmagnitudeandmeasuringtheamplitudeandphaseresponseof the
systemindicatedby theoutputof thestraingagesas thefrequencyof the
inputforcewasvaried.Thesecalibrationsshowedthatabovea frequency
of 110cyclespersecond,thenaturalfrequencyofthewingPanelsin
bending(140cps)introducedlargeerrorsinbothsmplitudeandphase
angle.Inaddition,itwasfoundthatthebodynaturalfrequencyinberid--
ingoccurredat approximately85 cyclespersecond.However,theinflu-
enceof thisresonantpeakon theresponseof.thesystemwasrestrictedto
a narrowfrequencyband. Thus,by testingovera frequencyrangeup to
110cpsandomittinga bandnear85 CPS2largeerrorsarisingfromreso-
nanceofpartsof themechanicalsystemwereeliminated.Withthese
regionseliminated,theresultsof thecalibrationsstillshowedsmall
deviationsfromtheidealresponse.Sincethisscatterwasgreaterthan
anyknowninaccuraciesintheinstrumentation,itwasfeltthatit should
be attributedtotheresponseofthemechanicalsystemandthereforehad
tobe takenintoaccountintheprecisionof.theresultseme ca~bra-,_
tionsshowedthattheroot-mean-squaredevfat.lonof thefndf.catedforce...
fromthetrueforcewas*6.4percentofthetrueforce,therms deviation
of centerofpressurewas&O.02wingchord,andtherms deviation of the
phaseanglefromzerowas&l.7°.,

—

—

It canbe seenthatthescatterintheresultsof thefrequency-
responsecalibrationsforthemechanicalsystemistheprimaryfactorin
thedeterminationof theprecisionof thefinalresult.Thecalculatio~
of theuncertaintyintheresultsincludingtheeffectsof leastreading,
resolvermisalinement,andmechanical-responseerrorsledtovalues*0.024
for CLa,ko.24for CL~,AO.02for X/c,and*1.9°for g.

RESULTSANDDISCUSSION

Theresultsof theexperimentalinvestigationof the
inducedon a winginthedowwashfieldof anoscillating
surfaceareshowninfigures4 through8 as a functionof

unsteadylift
canardcontrol
re~ucedfrequency

forseveralMachn’wnbersandanglesof attack_.Thenondimensionallift
derivativesinphaseandoutofphasewithcontrol-surfacepositionare.
presentedinfigures4 and~jwhiletheirresPectf~ecen~rsofPressure _
areshowninfigures6 and7. Thevariationofphaseanglewithreduced
freauencvis shownin figure8 forthedataobtainedat a = OO. It should
be ~oted”that,sincethe-experimentalva:uesof
obtainedby dividingtheliftby 80 or5.,the
liftisa linearfunctionof b and~.

CONFIDENTIAL
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. Alsoshownon thesefiguresarethecorrespondingtheoreticalvalues
computedusingequations(10),(l-l),and(13).Thevaluesof staticlift,
CL& usedfnthesecalculationswerecomputedby themethodof refer-

8 ence1. !llhusjwhilethetheoreticaldevelopmentof equations(10),(11),
and.(13)wasbasedon a bodylessmodel,thecalculatedvaluesof CL5*
werebasedonwing-bodytheory.Inotherwords,ithasbeenassumedthat
thebodyaffectstheinitialvaluesof theliftderivatives(k+O) but
doesnotaffecttheirdependencyuponfrequencygivenin equations(10)
and(11).

h-phaseliftderivative.-Figure4 isa plotof thein-phaselift
derivativeC

k
versusreducedfrequencyfortheMachnumbersandangles

of attackcovered.Examinationof thisfigureshowsthatthetheoryof
reference1 providesa reliableguideto theestimationof cLb at low
frequenciesforan angleof attackOO. Inaddition,thetheoreticaltrends
of CLb withfrequencycalculatedusingthesimplifiedindicialresponse
were,ingeneral,borneoutby theexperimentaldataforthisangleof
attack.Atthehigheranglesof attack,however,thereweresomedepar-
turesfromthetheory.ForsupersonicMachnumbers,theprimarydiffer-
enceswereinmagnitude.Thetrendof thedatawithfrequencyremained
thesameas theangleof attackincreased.At subsonicspeeds,large

● variationsinbothmagnitudeandtrendwithfrequencyappeared.Thiswas
mostnoticeableatan angleof attackof 10°. Whilethereisnotsuf-
ficientevidenceto explainthisresultconclusively,partialseparation

r of theflowoverthecontrolsurfacemaybe oneof thecauses.Static
testsof a similarwing(ref.12)showthatat subsonicspeeds,theflow
beginsto separateatan angleof attackof about10°andthattheliftno
longerincreaseswithincreasingangleof attackabove16°. Sincethe
angleof attackof thecontrolsurfacevariedfrom50 to 15°duringeach
cyclewhenthebodyangleof attackwasat 10°,thecharacterof theflow
wasprobablychangingradicallythrougheachcycle,therebyaffectingthe
liftinducedon thewing.

Thepossibilityof an effectofwind-tunnelresonanceon thedata
obtainedat subsonicspeedsmustbe considered.Thewind-tunnelresonant
frequencies,kr}areshownin thefiguresintermsof reducedfrequency
foreachof thesubsonicMachnumbers.Itwasshowninreference9that,
forthetwo-dimensionalcase,theeffectof tunnelresonanceisto decrease
theliftmarkedlyneartheresonantfrequency.Examinationof thedata
obtainedinthisinvestigationindicatesthatifa wind-tunnelresonance
phenomenonexistsforthisparticularcombinationofmodelandtunnel,it
doesnothavethesimpleeffectindicatedinreference9.

A comparisonof theresultscalculatedby thesimplifiedindicial
responseandthosecalculatedby themoreexact,indicialresponseis shown
infigurek(b)fora Machnumberof 1.7. Itisapparentthatthediffer-
encesarequitesmallovera largeportionofthefrequencyrange,thuscor-
roboratingthestatementconcerningthisfactmadein section“Theory.“

COIWDX.NTIAL
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It
duction
damping
missile

commmw NACARM A55FOi

maybewelltomentionherethepointbroughtoutintheintro-.
concerningartificialdampingforcanard-t~emissiles.Since
maybe addedby”motionofthecontrolsurfaceproportionaltothe
pitchingvelocity,thein-phaselift..showninfigure4 contributes

tothedmnpingofthemis~ile.Theresultsshowthatif-thepitching
frequencyis sufficientlyhigh,therewouldbe a seriousreductionand
possiblya reversalof thedmnpingmomentsup@iedby therearsurface.
However,theprobabilitythatthepitchingfrequencywillreachthese
valuesappearssmall.

Out-of-phaseliftderivative.-Theliftderivativeoutofphasewith
controldeflection,CL5,is shownplottedveTsus‘reducedfrequencyinfig-
ure5. Herethepredictionsof thetheoryareconfirmedby theexperiment
for a = 0°at subsonicspeeds.However,as.wasthecaseforthein-phase
derivative,theagreementbetweenexperiment.andtheorybecamepooreras
theangleofattackincreased,withthedataobtainedat a = 10°showing
a markeddifferencefromthatobtainedatthelowerangles.

Inthesupersonicspeedrange,thetheor~ticalvaluesof CL~ at
lowfrequenciesshowsomewhatbetteragreementwithexperimentat a = Q“
thanatthehigheranglesofattack.Howevei,thedecreasein CL6 with
tncreaseinthefrequencypredictedby thesimplifiedindicialresponse
isnotreflectedintheexperimentalvalues...Examinationof figure5(b)
showsthatthemoreexactindicial-responseresultis similartothatfor
thesimplifiedindicialresponse.Calculationsofthevaluesof CL6
haveshownthatthefrequencyresponseof thisderivativeishighlysen-
sitiveto changesinthedetailsof theindicialcurve.Hence,better
agreementcouldbe achievedwitha morerefinedindicialfunction.

Centerofpressureof in-phaselift.-Theexperimentalvaluesof the
centerofpressureofthein-phaselifta’reshownin figure6 alongwith-
thetheoreticalvaluesfor a = 00. Thetheoreticalvalueswerecalculated
by themethodof reference1. Sincethismethodisbasedon lineartheory,
novariationsof centerofpressurewithangleof attackarepredicted.

Thetheoryofreference1 predictsthelocationof thecenterof
pressureverywellforallMachnumbersat lowfrequenciesandlowangles
of attack.Inaddition,thelackofvariationwithfrequencypredicted
by thesimplifiedindicialapproachisborneoutby theexperimentaldata
overmostof thefrequencyrange.Thelargedeviationsfromthetheoreti-
calvalueswereobtainedeitherforconditions-wherethein-phaseliftw&
nearzero,thusaffectingtheaccuracyofmeasurement,or at a = 10°for
subsonicMachnumberswhereitisknownthattheliftforcesthemselves““
donotfollowthepredictedresults.

Centerofpressureofout-of-phaselift.-Theexperimentaldata
centerofpressureof theout-of-phaselift,presentedinfigure7,
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. confirms,ingeneral,boththemagnitudeandtrendwithfrequencypre-
dictedby thetheory(excludingthedataat a = 100). At thelower
frequencies,thedataobtainedinthesubsonicspeedrangeshowvalues

. somewhatforwardof thosepredictedby theory,butat supersonicspeeds
agreementisgoodthroughoutthefrequencyrange.

Phaseangle.-Perhapsthemostdirectapplicationof thelag-in-
downwashconceptistothecalculationof thephaseangleof thelift
inducedon thewing. Here,thetimenecessaryfora disturbanceto travel
fromtheforwardsurfacetotherearsurface- thelag- canbe converted
directlyto a phaseanglefora givenfrequency.Figure8 showsa com-
parisonbetweenthistheoryandthephaseanglesobtainedat allMach
numbersforanangleofattackofOO. Itcanbe seenthatthissimple
theorypredictstheexpertientalvariationofphaseanglewithfrequency
adequatelyforallMachnumbersforvaluesof k up to about1.0. Beyond
thatvaluetheexperimentalresultsaresomewhathigherthantheory.While
onlythephaseanglesfor a = 0° arepresentedinthisfigure,thephase
anglesfortheotheranglesof attack,withtheexceptionof thoseobtained
at a= 10°andsubsonicspeeds,showedthesamevariationwithreduced
frequency.

CONCLUSIONS
#

An experimentalinvestigationof theunsteadyliftinducedon a wing
by thedownwashfieldof anoscillatingcanardcontrolsurface-ledto the*
followfigconclusions:

1. Existingtheoriesprovideda reliableguideto theestimationof
themagnitudesof thein-phaseandout-of-phaseliftderivativesandtheir
respectivecentersofpressureat lowvaluesof reducedfrequencyandlow
anglesof attack.

2. Thetrendsof thedatawithfrequencycalculatedwiththeuseof
a simpleindicialliftresponseforthewingwereyingeneraljconfi~ed
by theexperimentalresultsat lowanglesof attack.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,June1, 1955
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